This paper presents a feedback control design for isolated ramp metering control. This feedback control design, unlike the existing isolated feedback ramp controllers, also takes into account the ramp queue length. Using a nonlinear H control design methodology, we formulate the problem in the desired setting to be able to utilize the results of the methodology.
INTRODUCTION
Ramp metering is a way to improve traffic flow by regulating the ramp inflow to a freeway. By effectively controlling the ramp flow, the traffic density on the mainline freeway can be kept below critical level to provide high throughput which is congestion free. For this type of operation, many factors have to be considered such as: The inflow at the mainline The queue holding capacity of the ramp Availability of sensors The arterial system connected to the ramp system Ramp metering can also be used for improving safety of the merging operation by reducing rear end and lane change collisions. In that case, ramp signals are metered so that vehicles can safely merge into available gaps in the freeway traffic flow. The design for safe merging is to break up the flow of the vehicles coming on the ramp and force single entry of vehicles into the freeway by metering the entry at safe time steps. In this paper however, we will concentrate on the first type oframp meters which are designed for high throughput flows.
There are three common ways of providing ramp control. They are: Pretimed Metering: In this design, ramp metering rates are based on historical traffic flows, capacity and ramp demands. Traffic Responsive Metering: In this design, ramp metering rates are dependent upon the current measured and/or estimated traffic data. This paper primarily deals with this design methodology. Traffic Responsive Merge Control: In this design (for safe merging) individual or small groups of vehicles are released to merge with gaps in the freeway flow measured by upstream sensors and projected to be available and acceptable in the merge area.
This paper presents a new technique to design a feedback nonlinear controller for ramp metering which minimizes a weighted function of the ramp queues and the difference of the mainline density to the desired mainline density.
Literature review
Ramp flow problem has been studied for more than twenty years. Some of the early work is documented in references14. This work was related to merge control and ramp metering control design based on demand-capacity relationship. Some early deployment studies were also performed at various sites such as Chicago and Houston. Reference5 provides a current overall overview of ramp metering. References68 show the work which used optimization techniques for solving optimal ramp control problems. Some current evaluation studies and simulation based evaluation methods are described in references9'1° . Some researchers have designed feedback control laws for ramp metering14. These laws are designed after performing linearization of the dynamics about the nominal equilibrium state. Recently, ramp meters have been deployed in many places internationally, such as in USA15, France'6, Italy'7, Germany'8, New Zealand'9, U.K20. and Netherlands21. Feedback control is a very powerful technique for ramp control since it is traffic responsive and has the least computation cost, hence is a real-time control strategy. However, until now, mainly linear control design has studied, which is powerful but provides only local results. For global results, nonlinear techniques become necessary. This paper proposes sliding mode control as a robust nonlinear control technique for ramp metering..
Problem Description
Ramp metering can help in providing a smooth flow of traffic on urban freeways. Moreover, it can also help in alleviating congestion on the freeways. The design of ramp metering entails measuring some traffic variables on the freeway and adjusting the ramp metering rate to provide the smooth flow. This structure of performing measurements using sensors and in real time adjusting the ramp metering rates renders the problem as that of a closed loop feedback control problem.
Ramp metering attempts to keep mainline volumes below capacity by controlling the number of vehicles entering the freeway. Under ideal conditions, the wait on the entrance ramp would be compensated for by increased speeds once on the freeway. Ramp meters can increase freeway speeds while providing increased safety in merging and reducing rear-end collisions on the ramps themselves. The topology of a ramp metering system is shown in Figure 1 .
. Loop Detectors Entrance Ramp
Feedback control for ramp metering can be an effective solution for alleviating traffic congestion. The designer of the controller needs to address issues such as controllability and observability of the traffic system, actuation and sensing, robustness, and stability of the closed loop system shown in Figure 1 . The actuation of this system is achieved by the light signal which indicates whether the vehicles can go into the freeway or not. State variables such as the traffic density, average traffic speed, etc. can be sensed using various types of traffic sensors such as inductive loops, traffic cameras, transponders, etc [see Figure 2 ]. In this paper we will use the theory of nonlinear ft. control to design a ramp control law which minimizes a weighted function of the ramp queues and the difference of the mainline density to the desired mainline density. In order to design the controller, we need the system dynamics equations. We present the system dynamics next followed by the theory of nonlinear I I,. control which is then applied to the lamp control problem.
SYSTEM MODELING22
The !'irst step in tI1e design of feedback controllers for ramp metering is to model the system dynamics appropriaiely Macroscopic model of the traffic can effectively he used in this context. 1' rom the macroscopic perspective, the traffic flow is considered analogous to a fluid flow, which is a distnbuted parameter system represented by partial differential equations Mass conservation model of a highway. characterized by x E FO, LI, which is the position on the highway, is given by
where p (x, t) is the density of' the traffic as a function of x, and time t, and q (x, t) is the flowat given x, and t. The flow q(x, t) is a function of p (x, t). and the velocity v(x,t), as shown below:
q(x,t) = p(x,t)v(x,t) (2) 'This model of a highway section is shown in Figure 3 . There are various static and dynamic models which have been used to represent the relationship between v(x,t) and p(x,t). One of the most simple models is the one proposed by Oreenshield23, which hypothesizes a linear relationship between the two variables. Many researchers have studied and designed optimal open loop controllers utilizing space and time discretized models of traffic flow. Some researchers have also designed feedback control laws using similar models. The reason for the popularity of these models is that there are many techniques available to deal with discretized systems. The same is also true for feedback control, and hence, in order to utilize the various linear and 11 onl inear control techniques avail able for lumped parameter systems, the distributed parameter model is space discretizcd For this the highway is subdivided into several sections as shown m Figure 4 .
Space discretization is pert'ormed by dividing the considered highway links into segments. In general the length of each segment is taken to be between .5 mile and I mile. l'liis is an approximation that is quite realistic since the ti-aditional sensors like loop detectors along a freeway are generally installed at least I mile apart. Although a smaller step size for space dicretization will undoubtedly improve the accuracy of the simulation, in reality it is not possible to measure speed and flow variables at smaller intervals due to limited availability of sensors along freeways. Thus. I mile segment length for space discretization appears to be a realistic assumption. On the other hand, the time discrctization can be done using very small time steps since traffic data can he downloaded from sensors practically at every second. With the use of more sensors such as CCTVs we can obtain information at higher resolution to have smaller space discretiztion Steps.
The space discretized form of (1) produces the following n continuous ODEs for the n sections of the highway.
p, =Iq(t)-q(t)+(t)-s(t)1, i
Here, t (t)and s (t) terms indicate the on-ramp and off-ramp flows. The mathematical model l'or the highway can be represented in a standard nonlinear state space form for control design purposes.
y1=g(p1.p2.....p), j=1.2,...,p,
The standard state space form is x(t) = flx(t).u(t)1,
where X [p. P2 and u(t)=r(t).
'l'herc are various other proposed models, which are more detailed in the description of the system dynamics. 'l'hie phenomenon of shock waves, which is 'en' well represented in the PDE representation of the systeili, is modeled by expressing the traffic flow between two contiguous sections of the highway, as the weighted sum of the traf'f'ic flows in those two sections which correspond to the densities iii those two sectiofls#42. A dynamic relationship uistead of a static one like (3) has also been proposed in ref'erence and used successfully.
'Ihe model thus obtained can also he time discretized to transform the continuous time model into a discrete time riiode. A comprehensive model, which incorporates shock waves, as well as represents the dynamic nature of' mean speed propagation. is shown in and is reproduced here for completion. 'l'he difference equations
___._ sensor 
with the relationships 
and the boundary conditions v0(k)=y0(k), (10) 
gives the discrete system dynamics, which can be represented in the standard nonlinear discrete time form x(k + 1) = f(x(k),u(k)), (11) y(k) = g(x(k),u(k)),
where control u(k) is the vector of ramp input flows.
If the control actuation is discrete, such as the ones implemented by microprocessors and computers, feedback control laws can be designed based on the discrete model (1 1), or can be designed using (6) after which the controller can be discretized.
The dynamics of the ramp queue are represented by the conservation equation where the rate of change of the number of vehicles in the queue is equal to the input flow to the queue subtracted from the oufflow.
BACKGROUND (NONLINEAR H. CONTROL)
Consider the system x=a(x)+b(x)u+g(x)d1, a(O)=O (12) y=c
where x = (x1 , .. , x) are local coordinates for a C state space manifold M, U E R are the control inputs, d1 E R and E R' the exogenous inputs consisting of reference and/or disturbance signals, y E R the measured outputs, and z E RS outputs to be controlled. The system (12) is identified by G. For a full-state measurement case yx. The controller is identified by K. The closed loop system in Figure 1 will be denloted by 1(G / K). vx
and we set u* = -bT(x)V(x) (15) then the closed loop system 11(G/ u) has gain at most ' Moreover if V(x) has a strict local minimum at x0 and the system x=a(x) (16) [ h(x) z = [_bTxvx is zero-state detectable (i.e. x a(x) and z(x(t)) 0 for t O [Jim x(t) = 0 ), then x0 is a locally asymptotically stable equilibrium of
If additionally, V has a global strict minimum at x0 and V is proper (so the inverse image of a compact set under V is again compact), then x0 is a globally asymptotically stable equilibrium of (17) .
For the finite-time horizon problem, where final time T is finite, the solution is given by U _bT (x)v(t x) , where V(t, x) O satisfies the following HJ equation.
The solution for the finite-time can be derived from a mm-max differential game perspective [33] .
Measurement Feedback H Control Problem: Find a dynamic feedback controller K.JK0 (19) j u=m(T) so that the closed loop system 2(GfK) is asymptotically stable and has L-garn S y. Solution2830'3234: A necessary condition for the existence of solutions for which the closed loop system has a smooth storage function is that there exists a solution V(x) O of (14) Conversely, conditions (14) and (20) al-c sufficient to solve the measurement feedback -problem at Icasi locally. A more complicated version of' equation (2(i) involving an information-state in combination with ( I 1) leads to coinpensators that solve the problem. However, these compensators are in general infinite-diniensional. Ibis is an ongoing area ot research which is beyond the scope of this paper.
RAMP CONTROL DESIGN
We present two control laws for isolated ramp metering control: one using space diseretized dynamics and the other one rising space and time discretized dynamics. This is an important class of ranip metering problems and has been studied by many researchers'1 ii3.i 1• The results we present in this section for this problem are new.
Continuous-time Case
In order to illustrate the ideas discussed above, we have designed a feedback control law for space dicretii,ed sv stein 'the isolated ramp metering problem area is shown in Figure 5 The objective of the control can be taken as w1(p-p) (25) z= w2q w3(u -Umax) Using this formulation, we can obtain the controller by solving the Hamilton Jacobi equation like (18) associated with this system.
Discrete-time Case
The dynamic equation for the space and time discretized form is T p (26) p(k + 1)=p(k) + -[f1 -Vfp(1 We can transform these equations also into a state space form like (24) and use the standard solution of nonlinear H_control for the discrete time case.
CONCLUSIONS
A new design technique for isoltaed ramp metering control was presented. This technioque minimizes an objective function that consists of weighted average of terms containing ramp queue length and the difference between the mainline traffic density and the desired mainline traffic density. The design is based on nonlinear Hx control and requires solving a Hamilton Jacobi inequality. 6 . ACKNOWLEDGMENT The author would like to acknowledge the support of Research Center of Excellence grant from the Federal Highway
